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I. SUMMARY 

Tbe ob jec t ive  of %h?s research w a s  t o  c l a s s i f y  ' , itania pigmer,t 

i n t o  a number of s i z e  f r a c t i o n s  ir, t h e  diameter of from 0.20 t o  2.5 

nicrons and t o  produce these  f r a c t i o n s  i n  experimental quar i t i t i es  3f 

approximately 100 grams. 

A batch-type, l iquid-phase cent.rifuge was developed s p e c i f i c a l l y  

t o  accomplish t h e  p a r t i c l e  s i z e  c l a s s i f i c a t i o n s .  Its mairi feature  w a s  

a c e l l  having a tapered body leading t o  a spec ia l  sediiment r o l l e c t o r .  

This c o l l e c t o r  w a s  constructed i n  several demountable sec t ions  s o  t h a t  

sedimented t i t a n i a  could be divided i n t o  portions simply by i s o l a t i n g  

t h e  s e c t i o n s ,  Since t h e  t i t a n i a  w a s  made to  s e t t l e  according t o  par- 

t i c l e  s i z e  by t h e  centr i fuge,  t h e  dividing of t h e  sediment i n t o  po r t ions  

r e su l t ed  i n  a p a r t i c l e  s i z e  f r a c t i o n a t i o n  of  t h e  s e t t l e d  material. A 

techcique w a s  developed f o r  t h e  operat ion of  t h e  cen t r i fuge  t o  ensure 

s a t i s f a c t o r y  separat ion.  

d i spe r s ing  the t i t an ium dioxide as a l i qu id  slurry. 

A technique a l s o  had t o  be developed f o r  

More than  50 grams of s i x  p a r t i c l e  s i z e  f r a c t i o n s  have been pro- 

duced having 95 p e r  cent  of t h e i r  p a r t i c l e s  under 2.8,  2,5, 2.4, 1.6, 

1.1, and 0.7 microns i n  diameter, respectively,  from a wide-size range 

(0.1 micron t o  above 4.0 microns p a r t i c l e  diameter) t i tanium dioxide.  

Even though completely s a t i s f a c t o r y  f r ac t iona t ion  of t h e  t i t a n i a  cannot 

be claimed, t h e  c l a s s i f i c a t i o n  t h a t  w a s  accomplished i s  good when con- 

s i d e r a t i o n  i s  given t o  t h e  wide i n i t i a l  d i s t r i b u t i o n  of p a r t i c l e  s i z e s  

and i t s  less than complete dispers ion.  In f a c t ,  t h e  c l a s s i f i c a t i o n  

technique developed i n  t h i s  research i s  probably supe r io r  t o  any o the r  

f o r  p a r t i c l e s  of less than 5 microns d iaxe ter .  



I I. INTRODUCTION 

The ob jec t ive  of  t h i s  research was t o  c l a s s i f y  t i t an ium dioxide 

pigment i n t o  a number of s i z e  f r a c t i o n s  i n  t h e  diameter range of from 

0.20 t o  2.5 microns and t o  produce t h e s e  f r a c t i o n s  i n  approximately 

100 gram quan t i t i e s .  It w a s  des i r ed  a l s o  t h a t  t h e  t i t a n i a  be of t h e  

ru5i le  s t r u c t u r e  and t h a t  i t s  p a r t i c l e s  be  r e l a t i v e l y  s p h e r i c a l  i n  

shape (I 

P a r t i c l e  s i z e  c l a s s i f i c a t i o n  is usua l ly  accomplished with t h e  par-  

t i c l e s  suspended i n  e i t h e r  a gas o r  a l i q u i d .  Gas-phase opera t ion  

would be  p re fe rab le  f o r  sma l l -pa r t i c l e  separa t ions  because t h i s  permits 

u t i l i z a t i o n  of t h e  g r e a t e s t  dens i ty  d i f f e rence  between t h e  p a r t i c l e s  

and the  suspendir,g niedium i f  p a r t i c l e s  d id  not  tend t o  s t i c k  together ,  

or agglomerate. As  it t u r n s  out ,  gas-phase c l a s s i f i c a t i o n  may be  

employed only wi th  those  powders t h a t  a r e  r e l a t i v e l y  e a s i l y  dispersed,  

i . e . ,  each and every p a r t i c l e  f r eed  from attachment with a l l  o the r s .  

If the p a r t i c l e s  a r e  not  r ead i ly  dispersed,  l i q u i d  phase opera t ion  is  

required, s ince,  by doing so, both chemical d i spe r s ing  agents  and high 

shearing fo rces  may be u t i l i z e d  t o  sepa ra t e  one p a r t i c l e  from another .  

Neither an agent nor high shear  can be r e a d i l y  employed with gas-phase 

operation 

Titanium dioxide pigment fa l ls  i n  t h e  c l a s s  of powders t h a t  a r e  

dispersed with d i f f i c u l t y .  For t h i s  reason, separa t ion  i n  t h e  l i q u i d  

phase was attempted f irst ,  w a s  s tud ied  most i n t e n t l y ,  and w a s  adopted 

f o r  the f i n a l  separa t ion .  Gas-phase opera t ion  w a s  t e s t e d ,  b u t  w a s  

never inves t iga ted  ex tens ive ly  because nothing l i k e  complete d ispers ion  

2 



c m l d  be obtaiced.  Nmerous l iquid-phase centr i fuges and modifica- 

t i o n s  of them were inves t iga t ed  i n  t h e  f i rs t  year  of research e f f o r t .  

These instruments were of both commercial and o r i g i n a l  design. The 

nost satisfactory separat ions f i n a l l y  were obt.ained with a batch-type, 

l iquid-phase cen t r i fuge  .constructed e spec ia l ly  f o r  t h i s  e f f o r t  

1 

I 1. Clyde Orr, Jr., Andrew McAlister, and W. J. Corbett, Annual Report 
NO. 1, Georgia Tech Research Project  No. A-542, NASA Contract No. 
N A B - 8 4 8  
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111. EXPERIMENTAL WORK 

A. Description and Operation of Centrifuge 

On t he  b a s i s  of' t h e  f i r s t  y e a r ' s  research a 'batch-type, l i q u i d -  

phase cen t r i fuge  construct,ed e spec ia l ly  f o r  t h i s  e f f o r t  w a s  s e l e c t e d  

as the  most promising technique for obta in ing  t h e  des i red  p a r t i c l e - s i z e  

separat ions.  Figure 1 is a photograph of t h e  cen t r i fuge  with the  1/2- 

inch-thick plywood top removed. The u n i t  c o n s i s t s  b a s i c a l l y  of two 

cy l ind r i ca l  conta iners  mounted on a balanced r o t o r  approximately 30 

inches from t h e  cen te r  of ro t a t ion .  The c y l i n d r i c a l  conta iners  a r e  

holders f o r  s e t t l i n g  chambers i n  which a s l u r r y  of t h e  ma te r i a l  t o  be 

s ize- f rac t iona ted  i s  contained. Detai led engineering drawings of t h e  

cent r i fuge  a r e  presented i n  t h e  Appendix. A 5-horsepower e l e c t r i c  motor 

coupled through a v a r i a b l e  speed c o n t r o l l e r  powers t h e  ro to r .  A 3-phase 

- ,s l tage supply system u t i l i z i n g  two v a r i a b l e  t ransformers  permits  t h e  

cer, tr ifuge t o  be started and brought t o  opera t ing  speed very slowly. 

The cent r i fuge  w a s  designed f o r  ope ra t iona l  speeds of up t o  750 revolu- 

t i o n s  per  minute and has a design l i m i t  of 1100 revolu t ions  p e r  minute. 

Two cent r i fuge  c e l l s  similar t o  t h e  one shown i n  Figure 2 a r e  employed 

as t h e  ac tua l  s l u r r y  holders  f o r  a s i z e  separa t ion .  Detai led engineer- 

i ng  drawings of t he  cen t r i fuge  c e l l  a r e  presented i n  t h e  Appendix a l s o .  

This c e l l  is an adapta t ion  of a design by Whitby 2 of a v e r y  s m a l l  cen- 

t r i f u g e  c e l l  t o  be used i n  p a r t i c l e  s i z e - d i s t r i b u t i o n  ana lyses .  The 

present  c e l l ,  constructed of Plexiglas ,  is  13-1/2 inches long with an 

2 -  K. T. Whitby, "A Rapid General Purpose Centr i fuge Sedimentation 
Method f o r  Measurement of S ize  Di s t r ibu t ion  of Small P a r t i c l e s ,  'I 

Heating, Piping and A i r  Conditioning &, 33-47 (1955). 

4 



I 



Figure 2. Centrifuge Cel l ,  F i l l i n g  Device and Vaned Cap. 
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i n s i d e  diameter t h a t  t a p e r s  from 2-1/2 inches t o  3/16 inch. 

inch po r t ion  extends through f i v e  d i s c s  t h a t  are secured t o  t h e  body of 

t h e  c e l l  with f o u r  Allen-head machine screws. The c y l i n d r i c a l  containers  

t h a t  hold t h e s e  c e l l s  swing outward during o2eration so t h a t  p a r t i c l e s  

i n  t ,he  c e l l s  are forced ho r i zon ta l ly  outward. 

i s  governed by Stokes l a w  and, a f t e r  a given amount of t i m e ,  t h i s  motion 

e s t a b l i s h e s  a gradient  of p a r t i c l e  s i z e s  along t h e  a x i s  of t h e  cen t r i fuge  

c e l l  with t h e  l a r g e r  p a r t i c l e s  being a t  t h e  oi l tcr  rzcl_2iusj i . e . ,  nea re r  

t h e  c e l l  bottom. If t h e  cen t r i fuge  i s  allowed t o  ope ra t e  f o r  a s u f f i c i e n t  

length of time these  p a r t i c l e s  w i l l  be  forced i n t o  t h e  narrow port ion of 

t h e  cen t r i fuge  c e l l  and compacted i n t o  a semirigid mass. 

within t h i s  mass w i l l  a l s o  be d i s t r i b u t e d  i n  a s i ze -g rad ien t  with t h e  

l a r g e s t  p a r t i c l e s  a t  t h e  bottom and t h e  smallest a t  t h e  top .  

The 3’16- 

The motion of t h e  pa r t , i c l e s  

The p a r t i c l e s  

The e n t i r e  operation, being merely an acce le ra t ed  g r a v i t y  technique, 

i s  s t ra ightforward;  however d e f i n i t e  experimental procedures had t o  be 

followed t o  ob ta in  t h e  most complete p a r t i c l e  s i z e  separat ion.  For 

cleanest ,  separat ion,  it is necessary 

near  t h e  same level  i n  t h e  suspending f l u i d .  

capaci ty  as much material as poss ib l e  must be handled, bu t  t h e  s l u r r y  

must not be so concentrated t h a t  s ign i f i can t  p a r t i c l e  agglomeration 

occurs during sedimentation. 

a t  or near  t h e  same po in t  i n  t h e  centr i fcge c e l l  i s  met by introducing 

t h e  p a r t i c l e s  t o  b e  separated as a s l u r r y  i n  a t h i n  l a y e r  a t  t h e  top  of 

t h e  c e l l .  The c e l l  i s  f i l l e d  i n i t i a l l y  with approximately 500 m l  of 

water with 0,5 p e r  cent of a s u i t a b l e  su r fac t an t  added. 

t ha t  a l l  p a r t i c l e s  s tar t  a t  o r  

Furthermore, t o  a t t a i n  

The requirement of a l l  p a r t i c l e s  s t a r t i n g  

Approximately 

7 



30 t o  60 ml of a slurry of t h e  material t o  be s i ze - f r ac t iona ted  a r e  placed 

on the water as a d i s t i n c t  l a y e r  with t h e  a i d  of t h e  f i l l i n g  device shown 

t o  the l e f t  of t he  cent r i fuge  c e l l  i n  Figure 2 .  This device c o n s i s t s  of 

a hollow metal cy l inder  t h e  o u t e r  diameter of which is  s l i g h t l y  less than 

t h e  inne r  diameter of t h e  cent r i fuge  c e l l ;  it has a fine-mesh screen across  

t h e  bottom. A metal collar ad jus t ab le  by screw threads is  f i t t e d  t o  t h e  

outside of the  cyl inder .  When inse r t ed  i n  t h e  cent r i fuge  c e l l  t h e  posi-  

t i o n  of t h e  c o l l a r  is s e t  so t h a t  t h e  screen j u s t  breaks $he sur face  of 

t h e  water i n  the  c e l l .  

a l iqu id  having a lower dens i ty  than water, say methanol and water, i s  

then ca re fu l ly  poured i n t o  t h e  f i l l i n g  device and t h e  device is  slowly 

withdrawn. This technique allows t h e  s l u r r y  t o  be placed as a separa te  

l a y e r  on t h e  sur face  of t h e  water with a minimum of mixing between t h e  two. 

The exact amount of s l u r r y  added depends on i t s  i n i t i a l  concentration, 

s u f f i c i e n t  s l u r r y  being required exac t ly  t o  f i l l  t h e  lower por t ion  of t h e  

cent r i fuge  c e l l  With separated mater ia l  when t h e  sedimentation has been 

completed. The concentrat ion of p a r t i c l e  ma te r i a l  i n  t h e  s l u r r y  i s  usual ly  

5 t o  10 pe r  cent  by weight. The o v e r a l l  concentrat ion of p a r t i c l e  mate- 

r ial  i n  t h e  c e l l  during sedimentation is  usualzy only 0.6 t o  0.7 weight 

p e r  cent.  

m e  slurry t h a t  has  previously been prepared with 

After t h e  f i l l i n g  device has been removed a vaned cap is  placed i n  

t h e  mouth of t h e  c e l l .  One such cap is  shown t o  t h e  r i g h t  of t h e  cen- 

t r i f u g e  c e l l  i n  Figure 2. This cap serves a twofold purpose. The vanes 

r e t a r d  ro ta t ion  of t h e  slurry l a y e r  during s t a r t - u p  of t h e  cent r i fuge  

which would mix t h e  two layers ,  and t h e  cap prevents  evaporation of 

8 



l i q u i d  dur ing , the  operat ion of t h e  centr i fuge.  T h e - l a t t e r  is  e spec ia l ly  

important because evaporation couldL cause a thermal grad ien t  along t h e  

axis of t h e  c e l l  and would d i s t u r b  t h e  sedimentation. 

The cent r i fuge  is  s t a r t e d  as soon as poss ib le  after t h e  c e l l s  a r e  

f i l l e d .  The power i s  switched on with the  v a r i a b l e  speed c o n t r o l l e r  

set a t  i t s  slowest operat ing p o s i t i o n  (a cent r i fuge  r o t o r  speed of approx- 

imateiy 150 revolli t ions p e r  minute) and the v a r i a b l e  vol tage  transformers 

on zero.  The Centr i fuge r o t o r  i s  then s t a r t e d  by a gradual  increase  of 

vo l tage  t o  t h e  dr iv ing  motor through t h e  va r i ab le  vol tage  t ransformers .  

The vol tage  is  increased a t  such a r a t e  as t o  b r ing  t h e  cen t r i fuge  c e l l  

conta iners  t o  an e s s e n t i g l l y  ho r i zon ta l  pos i t i on  i n  approximately 

10 t o  1 2  revolut ions of t h e  cent r i fuge  rotor .  Experience has ind ica ted  

t h a t  t h i s  s t a r t i n g  rate produces t h e  l e a s t  dis turbance of t h e  s l u r r y  

l aye r .  

under and d i sp lace  t h e  s l u r r y  l a y e r  w i t h  subsequent mixing. Since t h e  

vaned caps do not  completely e l imina te  the swir l ing  motion imparted t o  

t h e  l i q u i d  by t h e  cent r i fuge  ro ta t ion ,  a slower s t a r t i n g  rate allows 

mixing t o  occur between t h e  two l aye r s  due t o  t h i s  imparted motion. 

A f a s t e r  s t a r t i n g  rate causes the more dense water l a y e r  t o  move 

ATter t h e  cen t r i fuge  has been brought t o  t h e  speed t h a t  causes t h e  

conta iners  t o  b e  near ly  hor izonta l ,  the  l i d  of t h e  cen t r i fuge  is  closed 

and t h e  v a r i a b l e  transformers a r e  advanced u n t i l  t h e  f u l l  l i n e  vol tage  i s  

suppl ied t o  t h e  motor. 

(a Speed-Ranger, Master Power Corp., Solon, Ohio) i s  a l s o  advanced u n t i l  

t h e  des i red  opera t ing  speed i s  a t ta ined .  This speed is  predic ted  by t h e  

min5er of G ' s  (mul t ip l i e s  of t h e  cxcelerat ion due t o  g r a v i t y )  required 

A t  t h i s  po in t  the  mechanical speed c o n t r o l l e r  

I 
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t o  achieve complete sedimentation of t he  p a r t i c l e s  beizg separated i n  a 

reasonable lecg th  of t i m e .  The required number of G ' s  can be estimated 

from t he  Stokes l a w  re la t ionship  f o r  t h e  s e t t l i n g  of p a r t i c i e s  i f  p a r t i c l e  

densi ty  and range of s i z e s  a r e  known f o r  t he  ra ter ia l  beirrg f r ac t ioca ted .  

This re la t ionship  may be expressed i n  the  form 

18 L p G =  
980 D (Pp - P)  t P 

where G is t h e  number of mult iples  of acce lera t ion  due t o  grav i ty ,  L i s  

t h e  lerzgth of sedimentation d is tance  i n  t h e  cent r i fuge  c e l l ,  p i s  t h e  

v i s c o s i t y  of t he  f l u i d  i n  which sedimentation is occurring, p is  t h e  

f l u i d  density,  p i s  the  dens i ty  of t he  p a r t i c l e ,  t i s  t h e  time of s e t -  

t l i n g ,  and D i s  t h e  p a r t i c l e  diameter. Figure 3 is a p l o t  of this re-  

la t ionship  f o r  various s i z e s  of t i tanium dioxide p a r t i c l e s  s e t t l i n g  i n  

water. 

G ' s  developed a t  t h e  mid-point of t h e  length of t h e  cent r i fuge  c e l l .  

P 

P 

Figure 4 i s  a p l o t  of cen t r i fuge  ro to r  speed versus the  numiber of 

When the  centr i fugat ion has been completed the  c e l l s  a r e  removed 

from the containers  and t h e  l i q u i d  poured o f f .  

p a r t i c l e s  a r e  present  i n  t h e  c o l l e c t o r  sec t ion  of the  c e l l  as a s e m i -  

r i g i d  mass they remain i n  t h e  c e l l .  The lower por t ion  of t h e  c e l l  is 

then disassembled, each d isk  containing a s l a g  of material with p a r t i c l e s  

i n  a spec i f ic  port ion of t h e  i n i t i a l  p a r t i c l e  s i z e  d i s t r i b u t i o n .  These 

s lugs  are then forced from t h e  c o l l e c t o r  d i sks  by rreans of a pol ished 

metal rod j u s t  s l i g h t l y  smaller than t h e  diameter of t h e  hole  i n  the  

co l lec tor ,  and these  s l ags  are c o l l e c t e d  i n  a s u i t a b l e  container .  

%he c e l l  has f i v e  removable d isks  a l l  l /2- inch thick,  s i x  f r a c t i o n s  of 

Since the  sedimented 

Since 
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Figure 4. Centrifuge Speed versus Number of G ' s  Developed. 
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rcater ia l  can be obt>ained if s u f f i c i e n t  mater ia l  i s  ictroduced o r i g i m l l y  

t o  br ing  t h e  f i n a l  depos i t  height  1/2 inch in to  t h e  main c e l l  body. 

B. Select ion of Titanium Dioxide 

The p r i n c i p l e  ob jec t ive  of t h i s  project  w a s  t o  c l a s s i f y  t i t a n i a  

i n t o  a rrutr13er of pa r2 ic l e  s i z e  f r ac t ions  i n  t h e  range 0.20 t o  2 . 5  

microns diameter. 

s t m c t u r e  and be composed of sphe r i ca l  or nearly sphe r i ca l  p a r t i c l e s  

F ind inga  titanium dioxide with which these spec i f i ca t ions  could be met 

w a s  d i f f i c u l t  and not e n t i r e l y  achieved. Commercially ava i l ab le  t i t a -  

n i a  pigment does not  have a s a t i s f a c t o r i l y  wide p a r t i c l e  diameter range. 

These pigments normally range from 0.1 t o  0.7 micron i n  diameter. 

Inqui r ies  were even made of B r i t i s h  producers s ince  it w a s  understood 

a number of them were s t i l l  using t h e  s u l f a t e  process  f o r  manufacturing 

t i t a n i a  pigment, and t h i s  process usua l ly  produces a l a r g e r  p a r t i c l e  

s i z e  than t h e  gaseous process employed by American producers. 

they too were unable t o  supply a s a t i s f a c t o r y  pigment, 

f i n a l l y  chosen f o r  p a r t i c l e - s i z e  c l a s s i f i ca t ion ,  w a s  obtained i n  l a t e  

March 1962, through t h e  sponsor from E. I. duPont deNemours & Company. 

This t i t a n i a ,  an experimental mater ia l  designated 4087-92-w~~ had 

p a r t i c l e s  from l e s s  than 0.1 micron t o  g rea t e r  than 4.0 microns i n  diam- 

eter. 

Figure 5 and t h e  p a r t i c l e  s i z e  d i s t r ibu t ion  i s  presented i n  Figure 6. 

It w a s  a l s o  des i red  t h a t  t h i s  pigment have t h e  r u t i l e  

However, 

The one 

An e lec t ron  micrograph of some of t h i s  ma te r i a l  is  presented i n  

C. Dispersion of Titanium Dioxide 

The success of t h e  separa t ion  technique developed with t h e  batch-type 



. c  
c 

Figure 5. Electron Micrograph of duPont's Experimental Titania, Unseparated. 
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liquid-phase centr i fuge depends on complete d i spe r s ion  of t h e  pigment 

as individual p a r t i c l e s , ,  This i s  most r e a d i l y  accomplished by d i spe r s -  

i ng  the p a r t i c l e s  as a l i q u i d  s l u r r y ,  and i n t r o d w i n g  them i n t o  t h e  ce r -  

t r i f u g e  c e l l  i s  more.convenient if they are suspend2d as a slurry. How- 

ever, considerable research w a s  qecessary t o  arr ive a t  a technique f o r  

producing a s a t i s f a c t o r y  dispers ion.  The adopted technique u t i l i z e d  a 

i . 2  quart porcelain b a l l  m i l l .  Tne m i l l  w a s  charged with 75 grams of  

t i t a n r a ,  75 m l  of a 2b1 mixture of methanol and water, 7.5 mi of a su r -  

f a c t a n t  (Tamol 73i-25$j and 1 kg of f l i n t  pebbles.  

ground for 8 t o  12 hour sa t115  revolut ions p e r  minute. Af te r  grinding, 

t k e  f l i n t  pebbles were removed ar,d an a d d i t i o n a l  675 m l  of 2 : l  methanoL 

arid water mixture w a s  added. This produced a s l u r r y  with a s p e c i f i c  g r a v i t y  

of 0.94 t o  0.96 a r~d  a t i t a n i s  co txen t r a t ion  of approximately 8 weight 

Der cent .  Before f r a c t i o n a t i o n  of t h e  f r e s h l y  prepared s l u r r y  t h e  spe- 

c i f i c  g rav i ty  w a s  meashred c a r e f u l i y  and two 10 m l  a l i q u o t s  of t h e  s l u r r y  

were evaporated t o  dryness t o  ob ta in  t h e  exact  concentr&tion of t i t a n i a .  

Knowledge of t h e  exact weight concentration of titariia w a s  necessary t o  

determine p r e c i s e l y  how much s l u r r y  t o  add t o  each cen t r i fuge  c e l l  t o  

i n su re  the c o r r e c t  depth of depos i t  a f te r  f r a c t i o n a t i o n .  This quan t i ty  

can b e  obtained from knowledge of t h e  s l u r r y  concentration, t h e  volume 

This charge w a s  

of the  col-lector s e c t i o n  of t h e  cen t r i fuga t ion  c e l l ,  t h e  dens i ty  of 

t i t a n i a ,  and t h e  packing f r a c t i o n  of t h e  7ompacted p a r t i c l e s .  This l a t -  

t e r  quant i ty  w a s  determined experimentally t o  be approximately 0 . 5 3 9  

t o e u y  

by t i t a n i a  p a r t i c l e s ,  

53 p e r  cen t  of t h e  available volume i n  t h e  c o l i e c t o r  w a s  occupied 

16 



On the  b a s i s  of experinent and ;he best  ava i lab le  information, Tamol 

73l-Z5$, a sur fac tan t  manufactured by R m m  and Haas, Phiiadeiphia,  Pemsyl -  

vania, appears t o  be t h e  most s a t i s f a c t o r y  dispersant f o r  t i t a n i a  i n  a 

methanol-water system. F l i n t  peb-sles were employed as t h e  gr inding media 

r a the r  than porcelain cyl inders  Secause of  t h e i r  g r e a t e r  hardness and re- 

s i s t ance  t=, a t t r i t i o n .  The use of porcelain cy l inders  appeared t o  in t ro -  

duce some very small f l akes  of the  porcelain i n t o  t h e  t i t a n i a .  

Tie t i t a n i a  s l u r r i e s  used i n  t h i s  work were prepared i n  t h e  quant i ty  

mentioned above only f o r  conve9ience. 

reason why the  slurry could not be prepared i n  l a r g e r  quan t i t i e s  provided 

t h e  r e l a t i v e  r a t i o s  of t h e  var iab les  remained t h e  same. 

There does not appear t o  be any 

D. Separatiori of Titanium Dioxfde 

The d-JPont experimental t i t a n i a  was f rac t iona ted  with the  batch-type, 

l iquid-phase cent r i fuge  operat ing a t  500 revolutions per  minute (200 G ' s )  

f o r  5-1/2 t o  6 hours ,  Af te r  c o l l e c t i o n  of approximately 50 grams of each 

of t he  s i x  f r a c t i o n s  r e s u l t i n g  from the  c l a s s i f i ca t ion ,  t h e  f r a c t i o n s  were 

dr ied  f o r  s e v e r a l  hours a t  125 C, were ground l i g h t l y  with a mortar and 

p e s t l e  t o  break up any large lvLnrpa of' material ,  and samples were taken , for  

examination with the  e l e c t r o n  microscope. The samples were prepared for 

e lec t ron  microscope examination by placing a small quantti ty of t he  t i t a n i a  

on a g l a s s  microscope s l i d e  with a few drops of an amyl a c e t a t e  and c o l i c d i m  

so lu t ionJ  placing another  g l a s s  microscope s l i d e  on tsop, and mulling the  

sample by moving t h e  two s l i d e s .  

nul led t h e  t c p  s i i d e  w a s  removed by s l id ing  it o f f  t h e  lower one, 

l e f t  t h e  sappie i n  a f i l m  on the  bottom s l ide .  This fi lm, which d r i e d  qu i t e  

raTidly,  w a s  sect ioned with a razor  blade and a s m a l l  s e c t i m  f l o a t e d  octo 

0 

When the sample had been s u f f i c i e n t l y  

This 



a s t i l i  water surface.  

tweezers was next 'Drought up under t h i s  f i l m  and t h e  f i l n :  and g r i d  l i f t e d  

from the water. The g r i d  w a s  then ready for i n s e r t i o n  in30 t h e  e i e c t r o r  

microscope 

The e l ec t ron  microscope gr ld ,  t e l d  i n  a p a i r  of 

Electron micrographs were obtained f o r  each of t h e  f r a c t i o n s  cbtained 

and are  presented i n  Figure 7. The f r a c t i o n  num2ered 1 is  from t h e  ioweat 

d i s k  ir t h e  c o i l e c t o r  s ec t ion  and conta ins  t h e  l a r g e s t  p a r t i c l e s .  The 

f r ac t ions  a r e  numbered progress ive ly  up t o  number 6, which i s  t h e  last  

f r a c t i o n  sedimented arid conta ins  t h e  smal les t  p a r t i c l e s  co l l ec t ed .  A def-  

i g i t e  gradation ia p a r t i c l e  s i z e  i s  apparent from only a q u a l i t a t i v e  

v i s u a l  Pxamination of t h e s e  micrographs. However, even though $he f r a c -  

t i o n s  containing t h e  smaller p a r t i c l e  s i z e s  a r e  q u i t e  f r e e  f r o m  t h e  l a r g e r  

p a r t i c l e s ,  t h e  f r a c t i o n s  containing the  l a r g e r  p a r t i c l e s  do conta in  some 

of t h e  smaller p a r t i c l e s .  "his f a c t  i s  even more apparent from t h e  par-  

t i c l e  s i ze  d i s t r i b u t i o n s  t h a t  were obtained from these and &her micrographs 

as presented i n  Figures 8 through 13. 

d i s t r i b u t i o n s  a r e  on a count or-runzber-of-particles k a s i s  r a t h e r  than a 

weight bas i s .  

m a i l  p a r t i c l e s  would be q d i t e  small i n  a d i s t r i b u t i o n  s i c h  as t h a t  f o r  

f r a c t i o n  number 1 r a t h e r  than t h e  l a r g e  percentage of t h e  d i s t r i b u t i o n  t h a t  

they  represeEt on a number b a s i s .  

It should be emphasized t h a t  these  

On a weight b a s i s  t h e  percentage con t r ibu t ion  of t h e  very 

Between 50 and 60 grams of each of t h e  f r a c t i o n s  represented i n  

Figures  8 through 13 were co l l ec t ed .  

t i o n  number 1, which contained an unusual ly  l a r g e r  percentage o f  small par- 

t i c l e s  even though t h e  percerrtage of l a r g e  p a r t i c l e s  had been increased 

s ign i f i can t ly ,  w a s  r e f r ac t iona ted  using a technrque similar t o  t h a t  used 

Af te r  t h i s  i n i t i a l  separat ion,  f r a c -  

18 
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Figure 7. Electron Micrographs of Various P a r t i c l e  Size Fract ions Obtained. 
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f o r  the i n r t i a l  separat ion.  

n e r  as the o r i g i n a l  mater ia l .  

centrifugat,ion t o  cb ta in  s i x  f r a c t i o n s  as before,  suff ic ien;  slurry was 

added t o  t h e  c e i l  t o  fill t h e  c o l l e c t o r  sec t ion  with j u s t  t k e  l a r g e  

(above one micron) p a r t i c l e s  and t h e  cent r i fuge  operated f o r  approximately 

30 minutes a t  200 revolut ions p e r  minute. 

t h e  co l lec tor  sec t ion  of t h e  cent r i fuge  c e l l  w a s  t r e a t e d  as one f r a c t i o n  

because the small p a r t i c l e s  t h a t  had not been sedimented were poured o f f  i n  

t h e  supernatant l i qu id .  This second separat ion,  of course, w a s  done i n  an 

at,tempt to  reduce t h e  percentage of small p a r t i c l e s  i n  t h i s  sample. The 

r e s u l t s  of t h i s  separat ion a r e  shown i n  Figure 14. As can be seen, t h e  per- 

centage of l a rge  p a r t i c l e s  w a s  again increased s i g n i f i c a n t l y ;  however, t h e  

d i s t r ibu t ion  is  s t i l l  bimodal with a l a rge  number of small p a r t i c l e s  present ,  

This mater ia l  w a s  d ispersed i n  t h e  same man- 

However, iristead of requi r ing  a 6chour 

Therefore, a l l  t he  mater ia l  i n  

A "standard, 'I f i n a l l y ,  w a s  prepared from t h e  o r i g i n a l  mater ia l  t o  

Approximately 200 grams of t h e  be  avai lable  for comparison purposes. 

duPont experimental t i t a n i a  w a s  dispersed i n  the exact manner as for 

t h e  s i ze  c l a s s i f i ca t ions ,  including d i l u t i o n  t o  an approximately 8 weight 

p e r  cent  slurryo The methanol and water were removed from t h i s  t i t a n i a  

with a DeLaval c e n t r i f u g a l  labora tory  c l a r i f i e r  of t h e  DeLaval Separator  

Company, Poughkeepsie, New York. Approximately 165 grams of material 

were recovered. This was d r i e d  and t h e  l a r g e  lumps crushed i n  a mortar 

and p e s t l e  as was  done f o r  t h e  separated f r a c t i o n s .  This treatment d i d  

n o t  a l t e r  the s i z e  d i s t r i b u t i o n  of t h e  material but  merely insured t h a t  

it w a s  t rea ted  i n  the  same manner with respec t  t o  addi t ion  t o  sur fac tan t ,  

e t c .  t h a t  the c l a s s i f i e d  f r a c t i o n s  were. 

26 
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E. Washing of Titanium Dioxide 

Time d id  not  permit washing t h e  c o l l e c t e d  pigment f r e e  of t he  sur -  

f ac t an t  used i n  the  s l u r r y  preparat ion although s e v e r a l  means of accomp- 

l i sh ing  t h i s  were c r i t i c a l l y  examined. It appears t h a t  t h i s  could b e s t  

be accomplished by washing the t i t a n i a  i n  an adequate volume of water 

and centr i fuging t h e  material with the  batch-type, l iquid-phase c e n t r i -  

fuge t o  c o l l e c t  t he  t i t a n i a .  Here t h e  cent r i fuge  is  merely being used 

t o  concentrate t he  t i t a n i a  r a the r  than t o  c l a s s i f y  it and the  need f o r  

using only a l a y e r  of s l u r r y  a t  t h e  start  and having j u s t  t h e  exact a- 

mount t o  f i l l  t h e  c o l l e c t o r  sec t ion  are eliminated. The s u r f a c t a n t  

washed from t h e  t i t an ia  is, of course, poured o f f  with the  waiter a t  the 

end of the cent r i fuga t ion .  Both f i l t r a t i o n  and continuous cent r i fuga t ion ,  

such as I s  poss ib le  with t h e  D e k v a l  c l a r i f i e r ,  were inves t iga ted  as 

means f o r  recovering t h e  t i t a n k  from t h e  water required t o  wash out  the  

sur fac tan t .  Both membrane and f i b e r  f i l t e r s  were examined. However, 

when these f i l t e rs  had b u i l t  up a f i l t e r  cake s u f f i c i e n t  t o  prevent the  

passage of t i t a n ? &  p a r t i c l e s ,  t he  pressure drop across  the  f i l t e r  w a s  

so g r e a t  t h a t  t h e  f i l t r a t i o n  r a t e  was reduced t o  p m c t i c t i l l y  nothing. 

The DeLaval c l a r i f e r  would s a t i s f a c t o r i l y  concentrate  t h e  t i t a n i a  from 

t h e  wash water f o r  t he  samples containing t h e  coarser  p a r t i c l e s ,  but  

t h e  eff ic iency f o r  t h e  very f i n e  f r a c t i o n s  i s  questionable.  I n  any 

event, the loss of material involved i n  u t i l i z i n g  t h e  DeLaval c l a r i f i e r  

would be excessive f o r  t h e  s m a l l  samples avai lable . .  

20 



IV. DISCUSSION OF RESULTS 

The batch-type, l iquid-phase centrifuge developed f o r  t h i s  p r o j e c t  

performed very s a t i s f a c t o r i l y .  The p a r t i c l e  s i z e  c l a s s i f i c a t i o n s  ob- 

ta ined  with it, while not as sharp as desirable ,  were super ior  t o  any 

t h a t  were obtained with any o t h e r  devices t e s t e d  i n  the e a r l i e r  phases 

of t h e  program. 

The p r i n c i p a l  d i f f i c u l t y  encountered during t h i s  research w a s  not 

t h e  development of a s a t i s f a c t o r y  separating device, bu t  was obtaining 

a t i t a n i a  with s a t i s f a c t o r y  cha rac t e r i s t i c s .  The experimental t i t a n i a  

khat was f i n a l l y  used was not e n t i r e l y  s a t i s f a c t o r y  due t o  the  d i s t r ibu -  

t i o n  of p a r t i c l e  s i z e s  and the  f a c t  t h a t  t he  p a r t i c l e s  were only approx- 

imately spher ica l .  

p e r  cent-by-count below 1 micron) probably contr ibuted more t o  t h e  l a c k  

of success i n  obtaining more narrow s i z e  c l a s s i f i c a t i o n s  than any o t h e r  

s i n g l e  f a c t o r .  This disproport ionate  amount of f i n e r  p a r t i c l e s  made t h e  

normally d i f f i c u l t  problem of separat ing the  f i n e s  from t h e  coarse mate- 

r ial  j u s t  t h a t  much more d i f f i c u l t .  

The exact reason f o r  t h e  occurrence of f i n e  p a r t i c l e s  i n  the  f r a c t i o n s  

The poor d i s t r ibu t ion  of p a r t i c l e  sizes ( i . e . ,  97 

t h a t  were supposed t o  contain only the  la rge  p a r t i c l e s  is  not c l e a r .  

E i t h e r  the d ispers ion  of p a r t i c l e s  was incomplete, leaving some of t h e  

f i n e s  adhering t o  t h e  l a rge  p a r t i c l e s  b r  t h e  l a r g e  p a d i c l e s  intercepted 

t h e  f i n e s  i n  passing through the  s lu r ry  l a y e r  and dragged them along. 

Since the  only real way t o  evaluate the degree of d ispers ion  a t t a i n e d  i n  

a s l u r r y  i s  t o  attempt a separat ion and determine whether o r  not t h e  

p a r t i c l e s  are c l a s s i f i ed ,  t h i s  question w a s  no t  resolved. 

1 
I 

I 

~ 

In  t h i s  case I 



the  extremely l a rge  num5er of f i n e s  made t h e  p o s s i b i l i t y  of in te rcept ion  

by the l a r g e r  p a r t i c l e s  a very important f ac to r .  

examination of t h e  p a y t i c l e  s i z e  d i s t r i b u t i o n s  presented i n  Figures 8 

through 13 suggests t h a t  t he  presence,of the  f i n e s  i n  t h e  samples con- 

ta in ing  t h e  l q r g e r  p a r t i c l e s  i s  due pr imari ly  t o  adherence of t h e  f i n e s  

t o  the coarse p a r t i c l e s .  This is  indicated by the  nature  of t h e  bimodal 

d i s t r ibu t ion  of samples 1 through 4. 

t i c l e s  present  i n  t h e  samples decreases, t h e  percentage of t he  f i n e  par-  

t i c l e s  comprising t h e  lower por t ion  of t h e  bimodal d i s t r i b u t i o n  decreases 

also. This would be expected s ince  t h e  decreasing p a r t i c l e  s i z e  of t h e  

coarse f r s c t i o n  o f f e r s  l e s s  and l e s s  t o t a l  surface f o r  adherence of t he  

very f ine  p a r t i c l e s  and consequently fewer f i n e s  a r e  present .  When t h e  

l a r g e s t  p a r t i c l e s  a r e  l e s s  than l e 5  microns i n  diameter, as i n  samples 

5 and 6, and the re  a r e  fewer l a rge  

adhere to ,  t h e  bimodal na ture  of t h e  curve disappears and t h e  separat ion 

becomes much sharper.  

However, a c lose  

As t h e  s i z e  of the l a r g e s t  par- 

p a r t i c l e s  for t he  very f i n e  ones t o  

The overlap of p a r t i c l e  s i z e s  between f r a c t i o n s  5 and 6 is  probably 

due t o  the f a c t  t h a t  t he  quant i ty  of p a r t i c l e s  with s izes  between 1.5 

microns arid approximately 0.5 or 006 tnicron was: not s u f f i c i e n t  t o  f i l l  

t h e  co l l ec to r  d i sk  completely and some of t he  material with smaller 

s i z e s  began f i l l i n g  t h e  d isk  u n t i l  t he  sediment height  w a s  s u f f i c i e n t  

f o r  t h e  p a r t i c l e s  t o  deposi t  i n  t h e  s e c t i o n  i n  which f r a c t i o n  number 6 

w a s  col lected.  This same condition, where the  weight f r a c t i o n  of a 

p a r t i c u l a r  p a r t i c l e  s i z e  range w a s  g r e a t e r  than could be accomodated i n  

a s i n g l e  disk, a l s o  explains why f r a c t i o n s  3 and 4 had almost i d e n t i c a l  



p a r t i c l e  s i z e  d i s t r i b u t i o n s .  Actually, the i d e a l  s i t u a t i o n  f o r  a 

separa t ion  where f r a c t i o n s  containing only c e r t a i n  p a r t i c l e  s i z e s  a r e  

des i red  would be t o  c a l c u l a t e  t h e  d i sk  thicknesses required f o r  t h e  

c o l l e c t o r  s ec t ion  rather than t o  use disks a l l  t h e  same th ickness .  

This technique would requi re  a determination of t h e  p a r t i c l e  s i z e  d i s -  

t r i bQt ion ,  on a weight basis, of t h e  o r ig ina l  material, ca l cu la t ion  of 

t h e  volumes t h a t  t h e  des i red  f r a c t i o n s  of a c e r t a i n  s i z e  sample would 

occupy when sedimented, and construct ion of t h e  var ious  d isks  of the 

c o l l e c t o r  s ec t ion  t o  s u i t  t hese  volumes. This, of course, is  a more 

re f ined  vers ion  of t h e  technique developed i n  t h i s  work and t h e r e  w a s  

not  adequate t i m e  t o  u t i l i z e  it here.  

I 

I 

The attempt t o  sharpem t h e  d i s t r i b u t i o n  of f r a c t i o n  number 1 by 

r e f r ac t iona t ion  w a s  moderately successful.  

t r i b u t i o n  w a s  s i g n i f i c a n t  enough t o  ind ica te  t h a t  f o u r  o r  f i v e  successive 

f r a c t i o n a t i o n s  might reduce t h e  unwanted f i n e  p a r t i c l e s  t o  a neg l ig ib l e  

amount. 

t i o n a t i o n  causes a l o s s  of approxrimately S5 p e r  cent .  

The improvement i n  t h e  d is -  

However, t h e  necessary handling of t h e  ma te r i a l  i n  a refrac- 



V. RECOMMENDATIONS 

Since t h e  equipment and bas ic  techniques f o r  accomplishing p a r t i c l e  

s i z e  f r ac t iona t ion  i n  t h e  very  small p a r t i c l e  s i ze  ranges have been 

extended i n  t h i s  research, t h e  following recommendations are of fered  

f o r  fu r the r  i nves t iga t ion  of improvements i n t o  s m a l l  s i z e  c l a s s i f i c a -  

t i o n s .  

g rea t e s t  b e n e f i t  i s  i n  d ispers ion  of t h e  t i t an ium dioxide.  

s ign i f i can t  improvement can be made t n  t h e  c l a s s i f i c a t i o n ,  thernumber 

of f i n e s  adhering t o  t h e  l a r g e r  p a r t i c l e s  must be reduced. Since it 

is f e l t  t h a t  l iquid-phase b a l l  mi l l i ng  o f f e r s  as good a system f o r  pro- 

ducing the necessary shear  as any, probably t h e  most s i g n i f i c a n t  imnrove- 

ment i n  the  d ispers ion  technique would come from ut i l iz l lng  a l i q u i d  t h a t  

would transmit t h e  shear  more e f f e c t i v e l y  than methanol and water. A 

more viscous l i qu id ,  f o r  example, uould permit t h i s .  Glycerol, which 

i s  miscible with water, might prove s a t i s f a c t o r y .  However, some o t h e r  

d i luen t  besides water would be required because t h e  s p e c i f i c  g rav i ty  

of t h e  s l u r r y  must be l e s s  than  t h a t  of t h e  sedimenting medium. 

could be used, b u t  t h e  glycerol-alcohol  system might r e q u i r e  a d i f -  

f e r e n t  sur fac tan t  from t h e  one used with methanol and water. 

It appears t h a t  t h e  area where improvement would y i e l d  t h e  

Before any 

Alcohol 

Any fu tu re ,  a t tempts  t o  ob ta in  s p e c i f i c  s i z e  f r a c t i o n s  from a 

p a r t i c u l a r  d i s t r i b u t i o n  of p a r t i c l e  s izes  should be conducted with a 

cent r i fuge  c e l l  using d isks  of ca l cu la t ed  th icknesses  r a t h e r  than an 

a r b i t r a r i l y  chosen th ickness  as w a s  done i n  t h i s  research.  The techr  

nique f o r  ca l cu la t ing  the proper  d i sk  th ickness(  w a s  ou t l i ned  i n  t h e  

preceding sec t  ion. 
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A. Centrifuge Construction 

Figures 15 through 20 present  t h e  necessary engineering drawings 

for construct ion of a batch-type, l iquid-phase cen t r i fuge  such as used 

i n  t h i s  research. I n  add i t ion  t o  t h e  information provided i n  these  

drawings t h e  following d e t a i l s  are provided: (1) t h e  s h i e l d  for t h e  

cent r i fuge  w a s  f ab r i ca t ed  from 10 gauge mild s t e e l  and w a s  75 inches 

i n  diameter, ( 2 )  t h e  s h i e l d  was strengthened with two hoops rahled from 

1-inch mild s t e e l  angle placed a t  t h e  top  and bottom edges, (3)  t h e  top 

for the cent r i fuge  w a s  constructed from 3/4-inch plywood and f i t t e d  with 

a cabinet  l a t c h  on t h e  f r o n t  edge of t h e  hinged port ion,  (4) t h e  p i l low 

blocks f o r  t he  cen t r i fuge  s h a f t  were Fa fn i r  LAK with a 1-7/16-inch bore, 

(5) the d r i v e  pul ley  on t h e  s h a f t  w a s  a 3-groove, "B" pu l l ey  with a 

5.6-inch p i t c h  diameter. 

B. Centrifuge C e l l  Construction 

Figures 2 1  through 23 conta in  t h e  necessary engineering drawings 

f o r  construct ion of t h e  cen t r i fuge  c e l l s  for use w i t h  t h e  batch-type, 

l iquid-phase centr i fuge.  The tapered po r t ion  of t he  cen t r i fuge  c e l l  

body shown i n  Figure 20 is an a r b i t r a r y  curve and a t o o l  t o  c u t  t h i s  

po r t ion  must be  f ab r i ca t ed .  

sca led  t o  provide a template for t h e  too l ;  however, t h e  curve is  not 

too  c r i t i c a l .  The O-rings used i n  t h e  assembly were 1/2-inch i n s i d e  

diameter, 5/8-inch outs ide  diameter and 1/16-inch th i ck .  

The curve shown on t h e  drawing should be 
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CENTER BLOCK 
ROD END BEARING 

Figure 20. Centrifuge Assembly. 
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Figure 21. Body of Centrifuge Cell .  
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